Extracellular signal-regulated kinase 5 (ERK5) is a member of the mitogen-activated protein kinase family whose biological function in the CNS has not been defined. In contrast to ERK1 and ERK2, which are activated by neurotrophins (NTs), cAMP, and neuronal activity in cortical neurons, ERK5 is activated only by NTs. Here, we report that ERK5 expression is high in the brain during early embryonic development but declines as the brain matures to almost undetectable levels by postnatal day (P) 49. Interestingly, expression of a dominant-negative ERK5 blocked brain-derived neurotrophic factor protection against trophic withdrawal in primary cortical neurons cultured from embryonic day (E) 17 but not P0. Furthermore, expression of a dominant-negative ERK5 induced apoptosis in E17 but not P0 cortical neurons maintained in the presence of serum. We also present evidence that ERK5 protection of E17 cortical neurons may be mediated through myocyte enhancer factor 2-induced gene expression. These data suggest that ERK5 activation of myocyte enhancer factor 2-induced gene expression may play an important and novel role in the development of the CNS by mediating NT-promoted survival of embryonic neurons. N eurotrophins (NTs) have profound effects on the development of the CNS and regulate differentiation, survival, and adaptive responses of neurons. For example, NTs protect many types of neurons from apoptosis both during development and in the adult (1-6). Consequently, there is an intense interest in elucidating mechanisms for NT-mediated neuroprotection and its contribution to the development of the CNS. NTs including nerve growth factor, brain-derived neurotrophic factor (BDNF), NT3, NT4͞5, and NT6 bind to and activate specific receptor tyrosine kinases of the Trk family (7, 8) . Upon binding to and activating Trk, NTs can activate several intracellular signaling transduction systems including the phosphatidylinositol 3-kinase, protein kinase C, and extracellular signal-regulated kinase 1͞2 (ERK1͞2) pathways (8-11).
N
eurotrophins (NTs) have profound effects on the development of the CNS and regulate differentiation, survival, and adaptive responses of neurons. For example, NTs protect many types of neurons from apoptosis both during development and in the adult (1) (2) (3) (4) (5) (6) . Consequently, there is an intense interest in elucidating mechanisms for NT-mediated neuroprotection and its contribution to the development of the CNS. NTs including nerve growth factor, brain-derived neurotrophic factor (BDNF), NT3, NT4͞5, and NT6 bind to and activate specific receptor tyrosine kinases of the Trk family (7, 8) . Upon binding to and activating Trk, NTs can activate several intracellular signaling transduction systems including the phosphatidylinositol 3-kinase, protein kinase C, and extracellular signal-regulated kinase 1͞2 (ERK1͞2) pathways (8) (9) (10) (11) .
Recently, a new member of the mitogen-activated protein (MAP) kinase family, ERK5 (also known as the big MAP kinase 1 or BMK1) was discovered (12, 13) . ERK5 is widely expressed in many tissues including brain. Although ERK5 contains a similar TEY dual-phosphorylation motif as ERK1͞2 and the N-terminal half of ERK5 shares sequence homology with other members of the MAP kinase family, a large C terminus and a unique loop-12 sequence distinguish it from ERK1͞2 and other MAP kinase family members. ERK5 is phosphorylated and activated by MAP kinase kinase (MEK) 5, but not by MEK1 or MEK2 (12, 14) . MEK5 is specific for ERK5 and does not phosphorylate ERK1͞2, c-Jun N-terminal protein kinase, or p38 MAP kinase (12, 14) . A number of substrates have been identified for activated ERK5 including myocyte enhancer factor 2C (MEF2C) (15) (16) (17) . Like ERK1͞2, ERK5 is activated by serum, epidermal growth factor, nerve growth factor, and G protein-coupled receptors (15) (16) (17) (18) (19) . In contrast to ERK1 and ERK2, which are activated by NTs, cAMP, and neuronal activity in cortical neurons, ERK5 is activated by NTs but not by cAMP or neuronal activity (20) .
Although NT activation of phosphatidylinositol 3-kinase and ERK1͞2 has been implicated in neuronal differentiation, survival, and neuroplasticity (3-6, 8, 21-27) , the biological functions of ERK5 in CNS neurons have not been reported. In this study, we show that ERK5 is expressed developmentally and that it selectively mediates NT-promoted survival of developing CNS neurons but not mature neurons. We also identify MEF2 as a downstream target of ERK5 that mediates BDNF protection of embryonic neurons.
Materials and Methods
Materials. The following plasmids have been described: pON260 (28), the dominant-negative MEK5 and ERK5 (15) , the Gal4-MEF2C fusion construct (17) , the constitutively active MEF2C-VP16 (29) , and the dominant-negative MEF2C-R24L (30) . The polyclonal anti-ERK5 antibody was generated as described (20) . BDNF and Lipofectamine 2000 were purchased from Invitrogen.
Cell Cultures. Primary cortical neurons were prepared from postnatal day 0 (P0; the day of birth) or embryonic day 17 (E17) Sprague-Dawley rats as described (4, 20, 31, 32) . Briefly, dissociated neurons were plated at a density equivalent to 2 ϫ 10 6 cells per 35-mm dish. Neurons were cultured in basal medium Eagle (Sigma) supplemented with 10% heat-inactivated bovine calf serum, 35 mM glucose, 1 mM L-glutamine, 100 units͞ml penicillin, and 0.1 mg͞ml streptomycin and maintained in a humidified incubator with 5% CO 2 at 37°C. Plates and glass coverslips were coated with poly-D-lysine and laminin. Cytosine ␤-D-arabinofuranoside (2.5 M; Sigma) was added to P0 cultures on the second day in vitro (DIV 2) to inhibit the proliferation of nonneuronal cells. Neurons were cultured for 4-5 days (DIV 4-5) before treatment.
Transient Transfection of Primary Cortical Neurons and Cell Death
Assays. For cell death assays, neurons were transiently transfected at DIV 3-4 as described by using a calcium-phosphate coprecipitation protocol (4, 33) or Lipofectamine 2000, a lipidbased transfection method (5) . Neurons were cotransfected with an expression vector encoding ␤-galactosidase (pON260) as a marker for transfected cells, and apoptosis was scored by nuclear fragmentation and condensation as described (4, 6, 31, 32) . To ensure unbiased counting, slides were coded and apoptosis was scored without knowledge of the treatment. Statistical analysis of the data was performed by using one-way ANOVA.
Trophic Deprivation. At DIV 5-6, or 1-2 days after transfection, trophic deprivation was carried out by withdrawing serum in the presence of 10 M MK801 as described (6) .
Reporter Gene Assays. The Gal4-MEF2C-driven Gal4-luciferase reporter gene expression was assayed as described (20) .
Northern Analysis. Total RNA was isolated from whole brains of Sprague-Dawley rats at E15, E18, E20, P0, P7, P14, P21, and P49, and 30 g of total RNA samples was used for Northern blot analysis.
Western Analysis. Western blot analysis of activated ERK5 was performed as described by using a polyclonal anti-ERK5 antibody (20) .
Results
As a starting point for the elucidation of the biological functions of ERK5, we examined ERK5 expression in rat brain during development. Interestingly, ERK5 mRNA and protein levels are very high at E15-18 but gradually decrease to almost undetectable levels by P49 ( Fig. 1 A and B) . Furthermore, ERK5 proteins were expressed in E18 cortex ( Fig. 1 D and E) and in neurons ( Fig. 1 F-H) . The differential expression of ERK5 from E15 to P49 suggests that ERK5 may play an important role in neurons during CNS development.
Neurogenesis is regulated by neuronal activity and NTs. We previously reported that ERK5 is activated by NTs (BDNF, NT3, and NT4) but not by neuronal activity in postnatal cortical neurons (20) . To determine whether ERK5 is important for NT regulation of neurogenesis, we measured BDNF stimulation of ERK5 in embryonic neurons. Activation of ERK5 was monitored by reduced electrophoretic mobility (phosphorylation shift) (15, 18, 20) . Like postnatal neurons, ERK5 was activated by BDNF in E17 cortical neurons (Fig. 1C) . Maximum activation of ERK5 occurred at 30-60 min after BDNF treatment, and ERK5 activation persisted for at least 24 h.
NTs regulate many aspects of neurogenesis including neuronal survival and differentiation. To determine whether ERK5 activation is important for BDNF regulation of neurogenesis, we focused on BDNF-promoted neuronal survival during development. We previously (6) established a trophic deprivation paradigm in which P0 cortical neuron apoptosis is induced by serum withdrawal in the presence of an N-methyl-D-aspartate receptor antagonist, dizocilpine maleate (MK-801). This paradigm for trophic deprivation also induced apoptosis effectively in E17 cortical neurons, which was blocked by BDNF (Fig. 2) . Therefore, we chose this paradigm to study mechanisms of BDNF-promoted neuronal survival during development.
To determine whether ERK5 is important for BDNF neuroprotection, we transiently transfected a dominant-negative ERK5 into E17 and P0 cortical neurons and examined its effect on BDNF neuroprotection against trophic deprivation (Fig. 3) . The activating phosphorylation site TEY in this ERK5 mutant Thirty micrograms of total RNA isolated from whole rat brains at E15-P49 was used for Northern blot analysis for ERK5 mRNA expression. G3PDH was used as an internal loading control. (B) Whole brain extracts were prepared from rats at E15-P49 as indicated. Protein lysates (50 g) were analyzed for ERK5 protein expression by Western blot analysis by using a polyclonal antibody against ERK5. ␤-Actin level was used as a loading control. The molecular mass markers are indicated on the right. (C) At DIV5, cortical neurons cultured from E17 rats were treated with BDNF for the indicated times. Cell lysates were prepared, and 20 g of total protein was submitted to Western blot analysis by using a polyclonal antibody against ERK5. Phosphorylation of ERK5 was observed as a shift in ERK5 mobility, indicative of ERK5 activation. was changed to AEP (T218A͞Y220P) so that the mutant protein no longer can be phosphorylated or activated by upstream kinase MEK5 (17) . Interestingly, expression of this dominant-negative ERK5 significantly reversed BDNF neuroprotection against trophic deprivation in E17 neurons (Fig. 3A) . In contrast, expression of dominant-negative ERK5 in P0 neurons did not block BDNF neuroprotection (Fig. 3B) . These data suggest that ERK5 activity is required for the neuroprotective activity of BDNF during development of the CNS.
To determine whether ERK5 activity also is critical for serum-promoted neuronal survival, cortical neurons were transiently transfected with the dominant-negative ERK5 and its effect on basal cell survival was examined. Expression of this mutant significantly increased basal cell death even in the presence of serum in embryonic but not postnatal neurons (Fig.  4) . These data suggest that the ERK5 pathway plays an important role in serum-promoted neuron survival in early development.
What is the downstream target that mediates the neuroprotective effect of ERK5? MEF2C is a well-established substrate of activated ERK5 in nonneuronal cells (15) (16) (17) 34) , PC12 cells, and P0 cortical neurons (20) . BDNF activated MEF2C transcriptional activity in E17 cortical neurons, and this activation was blocked by expression of a dominant-negative ERK5 (Fig.  5A ). These data indicate that BDNF stimulation of MEF2C in embryonic neurons may be mediated by ERK5.
To determine whether MEF2-mediated gene expression contributes to ERK5 neuroprotection, cortical neurons were transfected with an expression vector encoding a constitutively active form of MEF2C (MEF2C-VP16) in which the DNAbinding and dimerization domain of MEF2C was fused to VP16 (29) . Because the DNA-binding and dimerization domains of MEF2 isoforms are highly conserved (35) , this MEF2C-VP16 mutant is expected to mimic the function of all activated MEF2s and to bind to MEF2 sites within the promoters of target genes. Expression of MEF2C-VP16 significantly protected embryonic (Fig. 5B , P Ͻ 0.01), but not postnatal (Fig. 5C ), cortical neurons against trophic deprivation. Importantly, MEF2C-VP16 reversed the apoptosis caused by expression of the dominant-negative ERK5 (Fig.  5D ). To block MEF2-mediated gene expression, cortical neurons were transfected with MEF2C-R24L, a dominantnegative MEF2C that contains a point mutation in the DNAbinding domain that prevents its binding to the specific MEF2 DNA-recognition site. However, MEF2C-R24L still dimerizes with WT MEF2s and, therefore, inhibits the function of endogenous MEF2s (30) . Expression of this dominantnegative MEF2C completely reversed the BDNF neuroprotection against trophic deprivation in embryonic neurons (Fig.  6) . Collectively, these data suggest that MEF2-mediated gene 3 . Inhibition of the ERK5 pathway blocks BDNF protection against trophic withdrawal in embryonic, but not postnatal, cortical neurons. At DIV3-4, E17 (A) or P0 (B) neurons were transfected with various amounts of DNA encoding a dominant-negative ERK5 (dnERK5). Cells were also cotransfected with a plasmid DNA encoding ␤-galactosidase (PON260) as a marker for transfection. The pcDNA3 vector DNA was used to supplement so that all plates contained equal amounts of DNA. At 1-2 days after transfection, neurons were subject to trophic deprivation treatment with or without BDNF. Apoptosis in the transfected cell population (␤-galactosidase-stained neurons) was scored 24 h after trophic deprivation. * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001 (ANOVA); error bars, SEM.
expression is both necessary and sufficient for trophic factorpromoted neuronal survival during development.
Discussion
The objective of this study was to determine whether ERK5 signaling contributes to NT protection of embryonic or mature cortical neurons. We report that ERK5 expression in the brain is high during early embryonic development and gradually declines as the brain matures. Similar to postnatal neurons, ERK5 is activated by BDNF and regulates MEF2C-mediated gene expression in embryonic cortical neurons. Although ERK5 is expressed in several adult tissues, including heart and skeletal muscle (12, 13) , our data demonstrate a developmentally regulated expression of ERK5 in the CNS. These results suggest the interesting possibility that ERK5 may play a role in neuronal survival early in development when ERK5 levels are high, but not postnatally when ERK5 protein levels begin to decline. Indeed, blocking ERK5 activation induced cell death under normal culture conditions in E17 but not P0 cortical neurons, even in the presence of serum. Furthermore, blockade of ERK5 signaling inhibited the neuroprotective activity of BDNF against trophic deprivation in E17 neurons but not P0 neurons. Moreover, constitutive activation of MEF2 was sufficient to protect E17 cortical neurons against trophic deprivation but not P0 neurons. It also blocked cortical neuron apoptosis induced by dominant-negative ERK5. Inhibition of MEF2 activity completely abrogated BDNF neuroprotection against trophic deprivation in embryonic neurons. These data suggest that ERK5 and ERK5-regulated MEF2 gene expression selectively mediate NT-promoted cortical neuron survival during development.
The physiological function of ERK5 signaling is just beginning to be elucidated. Growth factor activation of ERK5 in (20) , BDNF activates MEF2C in E17 cortical neurons, which requires ERK5 signaling. To measure MEF2C transcriptional activity, E17 cortical neurons were transiently transfected with a Gal4-luciferase reporter gene and an expression vector for Gal4-MEF2C fusion protein as described (20) . To block ERK5 signaling, neurons were cotransfected with a dominant-negative ERK5 (dnERK5; 600 ng DNA per well) or vector control. Two days after transfection, cells were incubated in serum-free medium for 2 h and then treated with BDNF or vehicle control for 6 h. E17 (B) or P0 (C) neurons at DIV3 were transfected with various amounts of DNA encoding MEF2C-VP16, a constitutively active MEF2C. One day after transfection, neurons were subject to trophic deprivation, and apoptosis in transfected cells (␤-galactosidase-positive) was scored. (D) At DIV3-4, E17 neurons were transfected with a vector control, a dominant-negative ERK5 (dnERK5, 4 g of DNA per 35-mm dish), and MEF2C-VP16 (3 g of DNA per 35-mm dish) as indicated. One day after transfection, neurons were placed in BDNF-containing, serum-free medium. Apoptosis in the transfected cell population (␤-galactosidase-stained neurons) was scored nonneuronal cells has been implicated in fibroblast cell proliferation, muscle cell differentiation, and cancer cell transformation (18, 36 -38) . ERK5 null mice are embryonic-lethal at E9.5-E10.5 before the development of the CNS as a result of defective blood vessel and cardiac development (39, 40) . Suzaki et al. (41) reported a potential role for ERK5 activation in PC12 cell survival after hydrogen peroxide treatment. Furthermore, ERK5 has been implicated in nerve growth factor retrograde signaling and survival of the peripheral dorsal root ganglia neurons (42) . The data in this study demonstrate a unique function of ERK5 signaling in the survival of cortical neurons and a biological function of ERK5 in CNS neurons.
The MEF2 proteins constitute a family of transcription factors: MEF2A, MEF2B, MEF2C, and MEF2D. MEF2A and MEF2C are known substrates of ERK5, and their transactivating activity can be stimulated by ERK5 via direct phosphorylation (15, 17) . In addition to muscle, MEF2A and MEF2C are expressed in developing and adult brain including cortex and cerebellum (43) (44) (45) (46) . Our data demonstrate that BDNF regulation of MEF2C-mediated gene expression in E17 cortical neurons is ERK5-dependent. Furthermore, expression of a constitutively active MEF2C mutant protected E17 cortical neurons from trophic deprivation and apoptosis induced by dominant-negative ERK5, whereas expression of a dominant-negative MEF2C blocked BDNF protection against trophic deprivation. These data illustrate that ERK5 regulation of MEF2-induced gene expression may play an important role in BDNF neuroprotection of developing cortical neurons. Because the DNA-binding and dimerization domains of MEF2 isoforms are highly conserved, results from these mutant MEF2C proteins alone cannot identify definitively MEF2C as the MEF2 isoform involved in neuroprotection. However, MEF2B and 2D are not regulated by ERK5 (17) , ruling out an involvement of these two isoforms. Because cortex contains a relatively higher level of MEF2C protein, whereas cerebellum contains a relatively higher level of MEF2A protein (ref. 47 ; Z.M., unpublished data), the MEF2C isoform is likely to contribute to the BDNF͞ERK5͞MEF2-survival pathway.
In summary, we have discovered a mechanism that contributes to the survival of developing but not mature cortical neurons. We also identify MEF2C as a possible downstream target of ERK5 that mediates neuroprotection of embryonic, but not mature neurons, by BDNF. These studies have important implications for the protection of neurons from loss of growth factor support and the proper innervation of neuronal targets during fetal development. Fig. 6 . Expression of a dominant-negative MEF2C blocks BDNF protection against trophic deprivation in E17 cortical neurons. E17 cortical neurons at DIV3 were transfected with various amounts of DNA encoding MEF2C-R24L, a dominant-negative MEF2C (dnMEF2C). One day after transfection, neurons were subject to trophic deprivation treatment with or without BDNF. Apoptosis in the transfected cell population (␤-galactosidase-positive) was scored 24 h after trophic deprivation. * , P Ͻ 0.05; ** , P Ͻ 0.01 (ANOVA); error bars, SEM.
